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Individuals with type 2 diabetes mellitus (T2DM) often exhibit microvascular dysfunction that may contribute to impaired thermoregulation, but potential mechanisms remain unclear. Our goals were to quantify skin blood flow responses and nitric oxide-mediated vasodilation during body heating in individuals with T2DM compared with nondiabetic control subjects of similar age. We measured skin blood flow (laser-Doppler flowmetry) in conjunction with intradermal microdialysis of N G -nitro-L-arginine methyl ester (L-NAME; nitric oxide synthase inhibitor) or vehicle during 45-60 min of whole body heating (WBH) in 10 individuals with T2DM and 14 control subjects. In six individuals from each group, we also measured forearm blood flow (FBF) by venous occlusion plethysmography on the contralateral forearm. FBF responses showed diminished absolute cutaneous vasodilation during WBH in the T2DM group (P ANOVA Ͻ 0.01; peak FBF in control 13.1 Ϯ 1.7 vs. T2DM 9.0 Ϯ 1.6 ml ⅐ 100 ml Ϫ1 ⅐ min Ϫ1 ). However, the relative contribution of nitric oxide to the cutaneous vasodilator response (expressed as % of maximal cutaneous vascular conductance) was not different between groups (P Ͼ 0.05). We conclude that cutaneous vasodilator responses to WBH are decreased in individuals with T2DM, but the contribution of nitric oxide to this smaller vasodilation is similar between T2DM and control individuals. This decrease in cutaneous vasodilation is likely an important contributor to impaired thermoregulation in T2DM. metabolic diseases; microvasculature; heat stress; cutaneous circulation MICROVASCULAR COMPLICATIONS of type 2 diabetes mellitus (T2DM) are well recognized as important contributors to the morbidity associated with the disease. Less well understood is how microvascular dysfunction in T2DM may affect thermoregulatory control mechanisms in the human cutaneous microcirculation. T2DM is associated with a higher incidence of heat-related illnesses such as heat stroke and heat exhaustion (15, 16) , and individuals with T2DM have been shown to exhibit a decreased ability to tolerate elevated ambient temperatures (12, 13) . However, the thermoregulatory mechanisms responsible for diabetic heat intolerance remain incompletely understood.
In humans, skin blood flow plays a primary role in the regulation of normal body temperature. As core temperature increases, the need for heat dissipation is met primarily by sympathetic active cutaneous vasodilation and sweating (2, 4, 14) . In addition to whole body thermoregulation, skin blood flow also responds to local thermal stimuli. We recently observed (19, 22) a delayed threshold for the onset of active cutaneous vasodilation during whole body heating, as well as decreased vasodilation during local warming of the skin in subjects with T2DM compared with healthy control subjects. Because local warming causes vasodilation that is largely dependent on nitric oxide (NO) (8, 10) , these latter findings lend support to the idea that NO-dependent vasodilation is decreased in patients with T2DM. Pharmacological evidence also suggests impaired NO-dependent vasodilator responsiveness in human skin. Studies involving local iontophoresis of acetylcholine and nitroprusside have shown impaired vasodilation to both endothelium-dependent and endothelium-independent NO stimuli in some groups of T2DM patients (1, 20) .
In the present study, our goal was to further evaluate mechanisms of cutaneous vasodilation during whole body heating in T2DM by assessing the contribution of NO to active cutaneous vasodilation in individuals with T2DM compared with control subjects of similar age. We conducted whole body heating with water-perfused suits and used laser-Doppler measurement of skin blood flow in combination with intradermal microdialysis of N G -nitro-L-arginine methyl ester [L-NAME; nitric oxide synthase (NOS) inhibitor] or vehicle (Ringer solution). We tested the hypothesis that individuals with T2DM have a smaller contribution of NO to active cutaneous vasodilation during whole body heating compared with control subjects. Since data obtained from laser-Doppler measurements of skin blood flow are semiquantitative in nature, an additional goal of these studies was to obtain a more quantitative comparison of absolute levels of vasodilation between control and T2DM subjects; for this purpose, we measured forearm blood flow (FBF) by venous occlusion plethysmography.
METHODS

Subjects.
The study included 10 individuals with T2DM (3 female, 7 male) and 14 control subjects (7 female, 7 male) of similar age. All subjects were screened via telephone to rule out any comorbidities that could influence microvascular or thermoregulatory function. Subjects were excluded if they showed signs/symptoms of neuropathy or had a history of cardiovascular disease. In addition, any subjects taking thiazolidinediones or first-generation sulfonylureas (e.g., glyburide) were excluded from participation. Of the 10 women studied, 6 (3 control, 3 T2DM) were postmenopausal and none of these was taking hormone replacement therapy.
Subjects reported to the Mayo Clinical Research Unit (CRU) for a screening visit and again on the day of the study. Written informed consent was obtained before any procedures began. The protocol for this experiment was approved by the Institutional Review Board at the Mayo Clinic in Rochester, MN. Any T2DM subjects taking oral antidiabetic agents were instructed to temporarily withdraw their medication for 2 wk before the study visit. Subjects were requested to monitor their reflectance meter glucose values daily at home. If glucose values exceeded 300 mg/dl on more than one occasion during the 2-wk period, they were asked to resume their antidiabetic medications and were excluded from further participation.
Screening visit. Study participants reported to the CRU at 7:00 AM for a screening visit. All subjects had a 12-lead ECG, and fasting blood samples were drawn and analyzed for glucose and hemoglobin A1c. Body composition was measured by dual-energy X-ray absorptiometry (DEXA). All individuals with T2DM, and all control subjects over 55 yr of age, participated in a treadmill exercise test conducted at the Mayo Cardiovascular Health Clinic with a standard Bruce protocol, to identify and exclude subjects with occult cardiovascular disease.
Study visit. Subjects arrived at the CRU at 7:00 AM after an overnight fast. Blood glucose was measured in all T2DM subjects before any procedures began. Subjects changed into a two-piece water-perfused suit that covered their entire body except the head, hands, and feet. The left sleeve was rolled up to allow space for two microdialysis fibers (MD-2000; Bioanalytical Systems) that were placed intradermally on the ventral side of the left forearm, as previously described (10, 19) . To help guide fiber placement, two 25-gauge needles were inserted into the dermal layer of the skin. Each needle had entry and exit points ϳ2.5 cm apart. The microdialysis fibers were threaded through the lumen of each needle until the 1-cm microdialysis membrane was completely within the dermis. The needles were removed, and the fibers were taped in place.
Integrating Periflux laser-Doppler flowmetry (LDF) probes (Periflux System 5000; Perimed, Stockholm, Sweden) were placed above each microdialysis fiber to measure skin blood flow. The probes were held in place by adhesive and by specialized holders that are able to measure and control local skin temperature over an area of 12 cm 2 (Perimed). A three-lead ECG was used for heart rate monitoring. Continuous beat-to-beat blood pressure measurements were obtained by Finometer on the left middle finger.
FBF was measured by venous occlusion plethysmography on the arm contralateral to the LDF measurements (n ϭ 6 in each group). For these measurements, the right sleeve of the suit was rolled up to allow placement of the plethysmography strain gauge. Briefly, a pediatric blood pressure cuff was placed around the wrist and inflated to suprasystolic levels (220 mmHg) to arrest the circulation of the hand, and a venous occlusion cuff was placed on the upper arm and rapidly inflated to 60 mmHg for 7 of every 15 s, yielding one blood flow value every 15 s (3, 6). FBF is expressed as milliliters per 100 ml of tissue per minute.
Protocol. After microdialysis fiber placement, subjects rested supine for 2 h to ensure that any hyperemia caused by the needle insertion had subsided. During this time, vehicle (Ringer solution) was perfused through both fibers at a rate of 4 l/min with a microperfusion pump (Harvard 22 syringe pump; Harvard Apparatus, South Natick, MA). After the 2-h waiting period, and before the first drug administration, a 5-min baseline (pre-L-NAME baseline) was recorded at both sites. A control site (vehicle) and a treated site (L-NAME) were randomly assigned. L-NAME (10 mM) was perfused for 50 min at the treated site while the control site continued with vehicle microdialysis, both at a pump rate of 4 l/min. To observe the effect of L-NAME on resting cutaneous blood flow, another 5-min baseline was recorded after 50 min of L-NAME microdialysis (L-NAME baseline). During this time, baseline FBF was measured on the contralateral arm for 3 min.
After baseline recordings were complete, we began the whole body heating protocol as previously described (22) . Warm water was pumped through the tube-lined suit from a hot water bath set at 50°C. A temperature probe (model ON-402-PP, Omega Engineering, Stamford, CT) was placed in the mouth in the sublingual sulcus to measure internal temperature (T sl). Subjects were encouraged to refrain from talking or opening their mouths to prevent any movement of the probe. Heating took place for 45-60 min until an ϳ1°C increase in T sl was observed. LDF was recorded continuously at vehicle and L-NAME sites. FBF was measured for 2-min periods at each of the following increments in T sl: 0.3, 0.5, 0.7, and 1.0°C.
After whole body heating, cool water was temporarily perfused through the suits to return study participants to normal body temperature. At the end of each experiment, to cause maximum vasodilation, local temperature was increased to 43°C with specialized holders surrounding the laser-Doppler flow probes and sodium nitroprusside (SNP; 28 mM) was perfused through both fibers at a rate of 4 l/min for 40 min.
Data analysis. All data were recorded at 100 Hz with a Windaq data acquisition system (Dataq Instruments) and were subsequently analyzed off-line. LDF values were divided by mean arterial pressure to derive an index of cutaneous vascular conductance (CVC). CVC data are expressed as a percentage of maximal CVC (%maxCVC), calculated as the average of the last 2 min of CVC during SNP microdialysis. FBF was calculated with the slope (first derivative) of the volume changes during each venous occlusion period, using data analysis software in the Windaq program (Dataq Instruments). Forearm vascular conductance (FVC) was calculated as FBF/MAP ϫ 100 (where MAP is mean arterial pressure) and expressed as milliliters per 100 ml per minute per 100 mmHg.
To analyze the effects of L-NAME on resting CVC, we calculated CVC during the last 2 min of the pre-L-NAME baseline and the L-NAME baseline. The NO contribution to baseline CVC was calculated as the difference between these two values. CVC responses during WBH were compared by using 120-s averages at four specific increases in T sl: 0.3, 0.5, 0.7, and 1.0°C. FBF and FVC responses were calculated as 2-min averages during the same increments in internal temperature. Contributions of NO during whole body heating were calculated as the difference in CVC between vehicle site and L-NAME site.
Statistics. Results are expressed as means Ϯ SE. Comparisons between control and T2DM groups were made with unpaired Student's t-test for baseline values and two-way analysis of variance (ANOVA) for values during body heating. Statistical significance was accepted for P Ͻ 0.05. Table 1 , individuals in the T2DM group were of similar age as the control group, but were somewhat heavier and had higher body mass index (BMI) values. Interestingly, %body fat was similar between groups. As expected, individuals with T2DM had higher fasting plasma glucose values and higher hemoglobin A1c levels.
RESULTS
Subject characteristics. As shown in
Baseline CVC. CVC was significantly higher in T2DM subjects compared with control subjects before L-NAME administration (T2DM 16 Ϯ 2 vs. control 11 Ϯ 1%maxCVC; P Ͻ 0.05) and was not different between groups during L-NAME (T2DM 10 Ϯ 1 vs. control 8 Ϯ 1%maxCVC; P Ͼ 0.05). The difference between groups in pre-L-NAME baseline CVC was also present when CVC was expressed as absolute values [T2DM 0.36 Ϯ 0.04 vs. control 0.28 Ϯ 0.02 arbitrary units (au)/mmHg; P Ͻ 0.05], suggesting that this difference was not an artifact of normalization to maximum CVC. The calculated contribution of NO to baseline CVC in the two groups demonstrated a strong trend to be greater in the T2DM group compared with control subjects (T2DM 4 Ϯ 1 vs. control 1 Ϯ 1%maxCVC; P ϭ 0.06).
Baseline FBF and FVC. Baseline FBF was 2.0 Ϯ 0.3 ml ⅐ 100 ml Ϫ1 ⅐ min Ϫ1 in the control group and 1.6 Ϯ 0.3 ml ⅐ 100 ml Ϫ1 ⅐ min Ϫ1 in the T2DM group (P Ͼ 0.05). FVC was also not different at baseline between groups (control 2.2 Ϯ 0.3 vs. T2DM 1.7 Ϯ 0.3 ml ⅐ 100 ml Ϫ1 ⅐ min Ϫ1 ⅐ 100 mmHg Ϫ1 ; P Ͼ 0.05). Forearm vascular responses to whole body heating. Figure 1 shows FVC during whole body heating in control and T2DM groups. As can be seen in Fig. 1 , FVC was significantly lower during whole body heating in the T2DM group (P ANOVA Ͻ 0.01). FBF values were also lower during heating in the T2DM group (P ANOVA Ͻ 0.01). For example, FBF at the peak of heat stress (⌬T sl ϭ 1.0°C) was 13.1 Ϯ 1.7 ml⅐100 ml Ϫ1 ⅐min Ϫ1 in control subjects and 9.0 Ϯ 1.6 ml⅐100 ml Ϫ1 ⅐min Ϫ1 in T2DM subjects. Similar results were obtained when FBF and FVC data were expressed as changes from baseline (⌬). ⌬FBF and ⌬FVC were both lower during body heating in the T2DM group (P ANOVA Ͻ 0.02). For example, ⌬FBF at the peak of heat stress (⌬T sl ϭ 1.0°C) was 11.1 Ϯ 2.2 ml⅐100 ml⅐min Ϫ1 in control and 7.3 Ϯ 1.7 ml⅐100 ml Ϫ1 ⅐min Ϫ1 in T2DM. CVC responses to whole body heating. Increases in body temperature resulted in progressive increases in %maxCVC at vehicle-treated LDF sites that were similar in control subjects and in individuals with T2DM at each of the following increments in T sl : 0.3°C: control 28 Ϯ 6 vs. Contribution of NO. Figure 2 shows the calculated contribution of NO during body heating. This contribution of NO was quite variable during body heating within both groups and was not different between groups (P Ͼ 0.05).
Maximum CVC. Absolute values for maximum CVC during SNP microdialysis were 2.56 Ϯ 0.25 au/mmHg for control subjects and 2.24 Ϯ 0.23 au/mmHg for T2DM subjects (P ϭ 0.077). This represented a 12.5% smaller maximum CVC in the T2DM group.
DISCUSSION
The major new findings of the present study are that 1) the absolute cutaneous vasodilator responses to whole body heating, as assessed by venous occlusion plethysmography, were significantly lower during body heating in T2DM subjects compared with control subjects (Fig. 1); 2) within this smaller overall vasodilation, the relative contribution of NO to cutaneous vasodilation during whole body heating was similar between groups (Fig. 2) ; and 3) individuals with T2DM tended to show a greater contribution of NO to baseline levels of skin blood flow compared with healthy control subjects.
Laser-Doppler measurement of cutaneous microvascular perfusion in humans has many advantages: the measurement is continuous, noninvasive, and specific to the cutaneous microcirculation (5, 11) . One of the limitations of LDF measurement is that it is semiquantitative in nature, and the absolute values recorded can depend on factors other than vasodilation, such as the extent of vascularity in a given site of measurement (5) . To compare results among subjects, data are often normalized to a maximum vasodilator response, such as the nitroprussidemediated vasodilation used in the present study (7) (8) (9) . However, this may complicate interpretation when two groups are being compared who may have different maximum vasodilator capacities, as in the present study (19, 22) . For these reasons, we decided to complement our LDF measurements with measurements of FBF by venous occlusion plethysmography. These FBF measurements are discontinuous and are not specific to the cutaneous circulation, but increases in FBF and vascular conductance during resting heating are confined to the skin circulation, and thus can be used to measure cutaneous vasodilation in a resting forearm (4, 5, 21) . In the present study, this afforded us the valuable opportunity to demonstrate a quantitative difference in cutaneous vasodilator responses between our two groups. The FBF and vascular conductance data demonstrate significantly lower vasodilator responses in our T2DM group (see Fig. 1 ). This is consistent with our hypothesis that decreased skin blood flow during body heating is an important contributor to the potential for impaired thermoregulation in individuals with T2DM (22). Fig. 1 . Forearm vascular conductance at baseline and during whole body heating in control subjects (F) and individuals with type 2 diabetes mellitus (T2DM; E) (n ϭ 6 in each group). As shown, cutaneous vasodilator responses were significantly lower during body heating in the T2DM group (PANOVA Ͻ 0.01).
THERMOREGULATION IN TYPE 2 DIABETES MELLITUS
In this context, we were somewhat surprised to note a smaller difference in absolute values for maximum local CVC (during microdialysis of SNP) in our present study compared with those we have previously reported (19, 22) . The difference seen in the present study was ϳ12.5% (P ϭ 0.077), compared with the 20 -25% that we have seen previously (19, 22) . It is not clear to us why this was the case, although interindividual variability in maximum vasodilation within both groups of subjects probably contributed. Nevertheless, the trend in the present study was consistent with our previous reports of lower maximum vasodilation in the T2DM population.
In human skin, NO has been shown to contribute ϳ30% to the reflex (whole body) vasodilator response that is essential for heat dissipation during core hyperthermia (7, 18) . In the present study, our goal was to evaluate whether the NO contribution to whole body cutaneous vasodilation was diminished in individuals with T2DM. A strength of the present study was that we were able to combine laser-Doppler and venous occlusion plethysmography measurements of skin blood flow. We found that overall vasodilator responses were less in the T2DM group, but that the contribution of NO was similar between groups. Average values for NO contribution were somewhat lower in the T2DM group (see Fig. 2 ).
The extensive interindividual variability in NO contribution noted in the present study could have led to an inability to detect a decrease in the NO contribution that may be physiologically significant in some individuals with T2DM. It was not feasible for us to increase our sample size enough to overcome this limitation (sample size analysis showed that 165 subjects/ group would have been required for 80% power to detect a statistically significant difference, given the amount of variability). The interindividual variability in NO contribution to reflex cutaneous vasodilation has been noted in previous studies in healthy humans (17, 18) and remains a challenge to interpretation of the present data. In this context, we feel that an appropriate interpretation of our present FBF and CVC data, taken together, is that the NO contribution represents a similar percentage of a smaller overall vasodilation in the T2DM group.
In addition to measuring responses to body heating, a secondary goal of the present study was to evaluate the contribution of NO to skin blood flow during baseline (normothermic) conditions in our two groups. We found that the contribution of NO to resting skin blood flow, or "tonic" vasodilation, was greater in our T2DM group compared with the control subjects. Since NO-mediated vasodilation has generally been shown to be decreased in T2DM, it may seem paradoxical that the contribution of NO to baseline skin blood flow would be greater in our T2DM group. A possible explanation relates to the potential impairment of sympathetic vasoconstrictor control of skin blood flow in T2DM at baseline (22) . Less sympathetically mediated vasoconstriction would increase baseline blood flow, and shear stress, which would then increase basal release of NO from the endothelium. Although not conclusive at the present time, this possibility could explain why both bretylium treatment (22) and NOS inhibition (19) abolished differences in baseline CVC between control and T2DM groups.
In a previous study (19) , we reported that comparison of baseline CVC between vehicle-treated sites and L-NAMEtreated sites showed a greater difference (NO contribution) in T2DM subjects compared with control subjects, but we did not measure CVC before and during NOS inhibition at the same site. We followed up in the present study by evaluating whether a comparison of baseline CVC before and after L-NAME administration at the same site would show similar results. Our present results are consistent with those from our previous study: baseline CVC values were greater in the T2DM group before, but not during, NOS inhibition, and the calculated contribution of NO to baseline CVC showed a strong trend to be greater in the T2DM group (P ϭ 0.06).
With regard to clinical relevance for diabetes, it is important to note that the individuals in our T2DM group were relatively healthy. We excluded subjects with significant clinical neuropathy, with heart disease or history of heart disease, and/or with other comorbidities associated with T2DM. In doing so, our attempt was to isolate any specific influences of T2DM (as separate from other potentially confounding variables) on cutaneous microvascular control during whole body heating. However, this also limited our subject population to relatively healthy individuals with T2DM. Individuals with less wellcontrolled T2DM might have more significant impairments in cutaneous vasodilation and NO-mediated responses to whole body heating. Furthermore, the effects, if any, of ambient glucose concentrations and long-term glycemic control on thermoregulatory control of the skin circulation deserve further study.
In summary, we report that absolute skin blood flow responses to whole body heating (measured as FBF) were decreased in individuals with T2DM compared with control subjects of similar age. In the context of the smaller overall response, the relative contribution of NO was similar between groups. Our T2DM subjects also showed a trend for greater contribution of NO to resting (pre-heat stress) vascular tone compared with the control group. In combination with our previous studies (19, 22) , our present data suggest that impaired vasodilation in the skin circulation is a major contributor to the potential for impaired thermoregulation during hyperthermia in individuals with T2DM (12, 15, 16) . Fig. 2 . Calculated contribution of nitric oxide (NO) to cutaneous vascular conductance (CVC) at increases in internal temperature (⌬Tsl) of 0.3, 0.5, 0.7, and 1.0°C during body heating. Although overall the contribution of NO was similar between groups (P Ͼ 0.05), there was extensive variability in NO contribution within each group, as has been noted for this variable in previous studies in humans. %maxCVC, % maximal CVC.
